Campion SN, Johnson R, Aleksunes LM, Goedken MJ, van Rooijen N, Scheffer GL, Cherrington NJ, Manautou JE. Hepatic Mrp4 induction following acetaminophen exposure is dependent on Kupffer cell function. Am J Physiol Gastrointest Liver Physiol 295: 294 -304, 2008. First published June 12, 2008 doi:10.1152/ajpgi.00541.2007.-During acetaminophen (APAP) hepatotoxicity, increased expression of multidrug resistance-associated proteins 2, 3, and 4 (Mrp2-4) occurs. Mrp4 is the most significantly upregulated transporter in mouse liver following APAP treatment. Although the expression profiles of liver transporters following APAP hepatotoxicity are well characterized, the regulatory mechanisms contributing to these changes remain unknown. We hypothesized that Kupffer cell-derived mediators participate in the regulation of hepatic transporters during APAP toxicity. To investigate this, C57BL/6J mice were pretreated with clodronate liposomes (0.1 ml iv) to deplete Kupffer cells and then challenged with APAP (500 mg/kg ip). Liver injury was assessed by plasma alanine aminotransferase and hepatic transporter protein expression was determined by Western blot and immunohistochemistry. Depletion of Kupffer cells by liposomal clodronate increased susceptibility to APAP hepatotoxicity. Although increased expression of several efflux transporters was observed after APAP exposure, only Mrp4 was found to be differentially regulated following Kupffer cell depletion. At 48 and 72 h after APAP dosing, Mrp4 levels were increased by 10-and 33-fold, respectively, in mice receiving empty liposomes. Immunohistochemistry revealed Mrp4 staining confined to centrilobular hepatocytes. Remarkably, Kupffer cell depletion completely prevented Mrp4 induction by APAP. Elevated plasma levels of TNF-␣ and IL-1␤ were also prevented by Kupffer cell depletion. These findings show that Kupffer cells protect the liver from APAP toxicity and that Kupffer cell mediators released in response to APAP are likely responsible for the induction of Mrp4.
multidrug resistance protein; hepatotoxicity; macrophage; transporter; cytokine; Abcc4 ACETAMINOPHEN (APAP) ingestion accounts for 40% of all cases of acute liver failure in the United States and the incidence of both intentional and unintentional APAP overdoses has been increasing in recent years (28, 30) . When taken at supratherapeutic doses, more APAP is bioactivated by cytochrome P-450s (Cyp450s) to the reactive metabolite N-acetyl-p-benzoquinone imine (NAPQI) than under therapeutic doses, resulting in centrilobular hepatic damage. This hepatocellular injury is multifactorial, resulting from oxidative stress and formation of protein covalent adducts, ultimately leading to cell death. In addition to these factors, activation of resident macrophages in the liver, known as Kupffer cells, has been implicated in APAP hepatotoxicity (29, 35) .
Until recently, the general consensus was that following their activation, Kupffer cells release inflammatory mediators, including cytokines, chemokines, growth factors, and reactive oxygen species, which promote the progression of liver injury (29, 35) . Recently, liposome-encapsulated clodronate (clodronate liposomes) have been used to investigate Kupffer cell functions. Clodronate liposomes are phagocytosed by Kupffer cells, subsequently leading to their apoptosis (45) . Depletion of Kupffer cells using clodronate liposomes sensitizes mice to APAP hepatotoxicity (25) . The hepatoprotective role of Kupffer cells in APAP toxicity has been attributed to the production and release of several protective mediators, primarily the acute phase cytokines tumor necrosis factor-␣ (TNF-␣) and interleukin-6 (IL-6), in addition to IL-10, IL-1␤, and cyclooxygenase-2 (COX-2)-derived mediators (9 -11, 33, 37, 42, 49) .
Previous work in our laboratory has documented the simultaneous increase in expression of efflux transporters and decrease in expression of uptake transporters in mice during liver injury induced by APAP and carbon tetrachloride (CCl 4 ). More specifically, mRNA and protein expression of multidrug resistanceassociated proteins 2-4 (Mrp2-4) are increased following APAP. Sodium taurocholate cotransporting polypeptide (Ntcp) expression is reduced following exposure to a hepatotoxic dose of CCl 4 (1, 2) . Decreased expression of organic anion-transporting polypeptides (Oatps) was observed at the mRNA level following exposure to either toxicant (2) . Similar changes in efflux transporter expression have been observed in the livers of humans exposed to hepatotoxic doses of APAP (5) .
Altered transporter expression is hypothesized to be a compensatory response to liver injury and may contribute to the acquired resistance exhibited by mice that are reexposed to even higher doses of APAP. This phenomenon is known as autoprotection. We have hypothesized that transport protein induction contributes to this acquired resistance by enhancing the export of toxic substrates or signaling molecules necessary for communication between adjacent hepatocytes and other cell types in the liver during critical periods of cell replication and tissue repair. Although the expression profile of hepatic transport proteins following drug-induced liver injury has been well characterized, the signaling pathways mediating these changes remain to be determined.
A substantial amount of evidence supports a role for cytokines in the regulation of hepatic transporter expression in acute liver injury. The expression of several cytokines including TNF-␣, IL-1␤, IL-6, IL-10, and IL-13 increases in the liver following APAP-induced hepatotoxicity (9, 16, 33, 48) . Cytokines have been implicated in the regulation of transporter expression in mice with cholestatic liver disease (6, 17, 19) . Additionally, depletion of Kupffer cells prevents the downregulation of Ntcp mRNA and protein following endotoxin exposure in rats and also blocks decreases in Oatp1a1, Oatp1a4, Oatp1b2, and bile salt export pump mRNA that occur during hepatic ischemia-reperfusion in mice (41, 43) . Together, these data suggest a role for inflammatory cytokines in the regulation of transporter expression following chemical liver injury.
Since Kupffer cells are the main source of cytokines and other inflammatory mediators in the liver, the aim of this study was to determine the collective involvement of Kupffer-cellderived mediators in the regulation of hepatic transporter expression during APAP-induced liver injury. To study the contribution of signaling molecules originating from Kupffer cells in the regulation of hepatocellular transporters, mice were treated with clodronate liposomes or empty liposomes prior to administration of a hepatotoxic dose of APAP. Protein expression levels of several uptake (Oatp1a1, Oatp1a4, Oatp1b2, Ntcp) and efflux (Mrp1-4, P-glycoprotein) transport proteins were determined by Western blot analysis at different time points after APAP. Zonal localization of Mrp4 protein, which was differentially regulated in Kupffer cell-depleted and nondepleted mouse livers, was determined immunohistochemically. Our findings support a role for Kupffer cell-derived mediators in the regulation of hepatic transport protein expression during drug-induced liver injury and warrant further studies to identify the specific mediators involved in this response.
MATERIALS AND METHODS
Animal care and treatment. Male 10-to 12-wk-old C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor, ME). Upon arrival, mice were acclimated for 1 wk and maintained in a 12-h dark-light cycle, temperature-and humidity-controlled environment. Clodronate was a gift of Roche Diagnostics (Mannheim, Germany). It was encapsulated in liposomes as previously described (44) . Mice were dosed intravenously with 100 l of clodronate liposomes or empty liposomes 48 h prior to APAP treatment. Animals were fasted for 16 -18 h prior to challenge with APAP. APAP was dissolved in 50% propylene glycol-water. Groups of mice (n ϭ 3-6) were administered APAP (500 mg/kg, 5 ml/kg ip) or vehicle control. Livers were collected 48 h after liposome treatment (at time zero of APAP administration) and also 6, 24, 48, or 72 h after APAP. A portion of the liver was fixed in 10% zinc formalin and the remaining liver tissue was snap frozen in liquid nitrogen. Frozen tissues were stored at Ϫ80°C until assayed. All animal studies were conducted in accordance with National Institutes of Health standards and the Guide for the Care and Use of Laboratory Animals. Studies were approved by the University of Connecticut Institutional Animal Care and Use Committee (IACUC Protocol no. A06-028).
Assessment of Kupffer cell depletion. To determine the Kupffer cell status in the liver of clodronate and empty liposome-treated mice, livers were assayed for phagocytic activity and for expression of the macrophage cell surface marker, F4/80 (3) . At 48 h after liposome treatment only, India ink was administered to mice (100 l iv) to determine the phagocytic activity in the liver. Carbon particles (India ink) are internalized and accumulate within macrophages following intravenous administration (46) . At 20 min after ink injection the livers were removed, fixed in 10% zinc formalin, embedded in paraffin, and stained with hematoxylin and eosin. F4/80 staining was performed on liver sections collected 48 h after liposome-only treatment and at all time points (6, 24, 48 , 72 h) after APAP treatment as described previously (24) . Briefly, sections were incubated with rat anti-mouse F4/80 antibody (ab6640, Abcam, Cambridge, MA) diluted 1:50 for 30 min. Protein antibody complexes were visualized by use of the rat Vectastain Elite ABC kit and developed with 3,3Ј-diaminobenzidine (DAB) according to the manufacturer's instructions (Vector Laboratories, Burlingame, CA). Tissues were counterstained with hematoxylin. Negative control staining was performed by incubating sections with rat IgG control antibody (Vector Laboratories). The uptake of carbon particles and F4/80-positive cells in the livers were detected by light microscopy. Liver sections were imaged with a Nikon Optiphot microscope (Donsanto, Natick, MA) equipped with a Spot Insight 2MP Firewire Color Mosaic Camera and Spot Software v4.5 (Diagnostic Instruments, Sterling Heights, MI).
ALT activity assay. Infinity ALT Liquid Stable Reagent (Thermotrace, Melbourne, Australia) was used to determine plasma alanine aminotransferase (ALT) activity as a biochemical indicator of hepatocellular necrosis according to the manufacturer's protocol.
Histopathology. Liver samples were fixed in 10% zinc formalin followed by paraffin embedding. Liver sections (5 m) were stained with hematoxylin and eosin. Sections were examined by light microscopy for the presence and severity of hepatocellular degeneration and necrosis. Centrilobular liver injury was scored by a grading system described previously (32) .
Preparation of microsomal and crude membrane fractions. Liver plasma membrane and microsomal fractions were prepared as previously described (1) . The resulting pellets of the crude membrane or microsomal fraction were resuspended in sucrose-Tris buffer. Protein concentration was determined by use of Bio-Rad protein assay reagents (Bio-Rad Laboratories, Hercules, CA).
APAP in vitro activation and glucuronidation. The capacity of liver microsomes to metabolize APAP into NAPQI or APAP-glucuronide (GLUC) was measured as described by Manautou et al. (32) and Court and Greenblatt (12) respectively, with modifications. Briefly, at 48 h after treatment with empty or clodronate liposomes, mouse liver microsomes were prepared and incubated for 30 min with 0.83 mM NADP, 15 mM MgCl 2, 20 mM glucose-6-phosphate, 4 IU glucose-6-phosphate dehydrogenase, and 20 mM APAP. To measure the in vitro activation of APAP to its reactive metabolite NAPQI, microsomal incubations were supplemented with N-acetyl cysteine (NAC) and the resulting APAP-NAC conjugate was extracted and analyzed by HPLC as described previously (32) . To assess APAP glucuronidation, microsomal incubations were supplemented with uridine diphosphoglucuronic acid and the resulting APAP-GLUC conjugate was also analyzed by HPLC as described previously (32) . The concentrations of APAP-NAC and APAP-GLUC in these incubations were determined by comparison to a standard curve of known APAP concentrations. Hepatic NPSH assay. Hepatic nonprotein sulfhydryl (NPSH) content in whole liver homogenates was measured as an indicator of reduced glutathione (GSH) content. The colorimetric procedure of Ellman was used for NPSH quantification (15, 32) . Hepatic NPSH content was determined by comparison to a GSH standard curve. GSH comprises ϳ95% of all the nonprotein sulfhydryls in liver, and correspondence between HPLC analysis for GSH and the Ellman assay is 96.8% (20) .
Western blot analysis. Membrane proteins were electrophoretically resolved by using polyacrylamide gels and transblotted overnight at 4°C onto PVDF-Plus membrane (Micron Separations). Immunochemical detection of Cyp2e1, Cyp3a11, Cyp1a2, UDP-glucuronosyltransferase (Ugt) 1a6, glutamate-cysteine ligase catalytic subunit (Gclc), glutamate-cysteine ligase modifier subunit (Gclm), Oatp1a1, Oatp1a4, Oatp1b2, Ntcp, Mrp1-4, P-glycoprotein (P-gp), and ␤-actin proteins was carried out using conditions described in Table 1 and as described by Aleksunes et al. (1) . Protein bands were detected and quantified using Quantity One 1-D Analysis Software (Bio-Rad Laboratories).
Mrp4 immunohistochemistry. Immunohistochemical detection of
Mrp4 protein was performed in sections of formalin-fixed, paraffinembedded livers as described above for the detection of F4/80 protein with the following modifications. Antigen retrieval was performed by incubating slides in citrate buffer (10 mM) at 95°C for 10 min. Sections were incubated with rat anti-mouse Mrp4 antibody (M 4I-10) diluted 1:100 overnight at 4°C. Protein antibody complexes were visualized by use of the rat Vectastain Elite ABC kit and developed with DAB according to the manufacturer's instructions (Vector Laboratories). Tissues were counterstained with hematoxylin. Negative control staining was performed by incubating sections with rat IgG control antibody (Vector Laboratories). Images were captured as described for F4/80 immunohistochemistry. D) . After 48 h some mice were euthanized 20 min after injection of India ink for the determination of carbon particle uptake in hematoxylin and eosinstained liver sections (A and B). Other mice were euthanized at 48 h after liposome treatment and liver sections were stained with F4/80 antibody (C and D). Images were taken at ϫ20 and ϫ40 (insets) magnification. Statistical analysis. For protein data, semiquantitative results are expressed as mean protein expression Ϯ standard error, and the data are normalized to pooled control values (0 h). Data were analyzed by either the Student's t-test or a one-way analysis of variance followed by Newman-Keuls multiple-range test where appropriate. P values Ͻ0.05 were considered significant.
RESULTS
Clodronate liposome-induced Kupffer cell depletion. Clodronate liposomes depleted Kupffer cells throughout the liver lobule by 48 h as measured by uptake of carbon particles. Substantial uptake of carbon particles was observed in empty liposome-treated mice (Fig. 1A) . This was inhibited by treatment with clodronate liposomes (Fig. 1B) . The effect of liposomal clodronate on Kupffer cells was further confirmed by staining for F4/80, a cell surface marker for murine macrophages. Although numerous F4/80-positive macrophages are seen in the livers of empty liposome-treated mice (Fig. 1C ), staining appears to be completely absent after clodronate liposome treatment (Fig. 1D) . Immunostaining of livers collected 24 -72 h after APAP exposure demonstrated that F4/80-positive Kupffer cells were depleted in clodronate liposome-treated mice throughout the study (data not shown). Similar to a prior report (47) , a small number of F4/80-positive macrophages began to reappear at 72 h after APAP treatment or 5 days following clodronate treatment (data not shown). No reactivity was detected with isotope control antibody (data not shown).
Effect of Kupffer cell depletion on APAP-induced hepatotoxicity. Liver injury was significantly higher in clodronate liposomepretreated mice compared with empty liposome controls at all time points after APAP treatment (Fig. 2) . In mice with normal Kupffer cell function, ALT values peaked at 24 h after APAP treatment (mean ALT 315 U/l) and began to return to normal thereafter. Kupffer cell depleted mice exhibited peak ALT activity at 48 h following APAP exposure (mean ALT 1071 U/l), which remained elevated through the 72-h time point. Similarly, elimination of Kupffer cells with clodronate liposomes resulted in higher severity of hepatocellular necrosis, as determined by his- The table shows the number of mice receiving the indicated histological grade per treatment group. Mice pretreated with empty or clodronate liposomes received 500 mg/kg acetaminophen (APAP) or vehicle. After 6, 24, 48, and 72 h mice were euthanized and a portion of the liver was fixed in 10% zinc formalin, paraffin embedded, and stained with hematoxylin and eosin. Liver sections were analyzed by light microscopy and scored (0 -5) according to the severity of degenerative and necrotic damage as previously described (32). *Statistical difference (P Ͻ 0.05) from pooled control mice of the same liposome treatment (0 h); †statistical difference (P Ͻ 0.05) from empty liposome APAP-treated mice. topathological analysis ( Table 2) . Livers of empty liposomepretreated mice exhibited milder damage compared with clodronate liposome-pretreated mice. In nearly all time points, a higher percentage of clodronate liposome-pretreated mice had a more severe histopathology grade of 2.
Effect of Kupffer cell depletion on APAP bioactivation. To determine whether the increased susceptibility of Kupffer celldepleted mice to APAP toxicity might be attributed to heightened activity of APAP bioactivation pathways, expression and function of the major Cyp450 enzymes responsible for the metabolism of APAP to the reactive intermediate NAPQI in the liver were investigated at 48 h following liposome dosing. Mice used for these analyses did not receive APAP. Expression of Cyp2e1, Cyp1a2, and Cyp3a11 proteins was not altered by clodronate liposome treatment (Fig. 3, A and B) . Similarly, liver microsomes from empty and clodronate liposome-treated mice had the same capacity to bioactivate APAP to NAPQI (Fig. 3C) . In support of these observations, a previous study demonstrated similar APAPprotein adducts formed in livers from empty and clodronate liposome-pretreated mice (25) . Therefore, the increased susceptibility of Kupffer cell-depleted mice to APAP hepatotoxicity does not appear to involve increases in metabolic activation of APAP to its reactive metabolite.
Effect of Kupffer cell depletion on APAP detoxification pathways. Alternatively, the enhanced susceptibility of Kupffer celldepleted mice to APAP hepatotoxicity could be attributed to reduced APAP detoxification. Therefore, we investigated the capacity of the livers from these mice to detoxify APAP by conjugation with GSH and by glucuronidation. Glutamate cysteine ligase is the rate-limiting enzyme in GSH synthesis. Protein expression of the two subunits of glutamate cysteine ligase, Gclc and Gclm, was not altered by clodronate liposome treatment (Fig. 4, A and B) . In agreement with this, there is no difference in hepatic nonprotein sulfhydryl content between Kupffer cell-depleted and nondepleted mice (Fig. 4C) . Protein expression of Ugt1a6, a major Ugt involved in APAP glucuronidation in mouse liver, was similar between empty and clodronate liposome-treated mice (Fig. 4, A and B) . Similarly, in vitro APAP glucuronidation was the same in both groups of mice (Fig. 4D) .
Western blot analysis of uptake transport proteins. To evaluate the effect of Kupffer cell depletion on APAP-induced changes in uptake transporter expression, Western blot analysis was performed. Basal expression of Oatp1a1 was lower in Kupffer cell-depleted mice (56% of nondepleted controls). Oatp1a1 protein expression was reduced at 48 and 72 h following APAP treatment (26 and 10% of control, respectively) in empty liposome-pretreated mice (Fig. 5A) . Lower Oatp1a1 protein levels were also seen in clodronate liposomepretreated mice. However, these changes were not statistically significant. Oatp1a4 protein levels were slightly increased (1.75-fold) at 24 h in clodronate liposome-pretreated mice, whereas Oatp1b2 protein expression was reduced to 39 and 28% of control at 48 and 72 h, respectively. Ntcp protein expression was reduced in both Kupffer cell-depleted and nondepleted mouse livers at 48 h after APAP treatment (66 and 65% of control, respectively) (Fig. 5A) . Ntcp protein levels remained reduced in clodronate liposome-pretreated mice at 72 h (80% of control). Representative 48-h Western blots are shown in Fig. 5B .
Western blot analysis of efflux transport proteins. A similar pattern of increased expression of efflux transporters to that previously reported by our laboratory was observed here following Western blot analysis of crude liver membrane preparations (1). Mrp1 protein expression was significantly increased Fig. 4 . Analysis of APAP detoxification pathways in Kupffer-cell depleted and nondepleted mice. Mice were injected with empty liposomes or clodronate liposomes and euthanized after 48 h. Western blots were performed by using cytosolic fractions (for Gclc and Gclm) or liver membrane fractions (for Ugt1a6). The data are presented as representative blots with each lane representing an individual mouse (A) and as mean relative Gclc, Gclm, or Ugt1a6 protein expression Ϯ SE (n ϭ 3) as quantified from the blots in A (B). Hepatic nonprotein sulfhydryl (NPSH) content was determined (C), and microsomes were prepared and assayed for APAP glucuronidation (D). The NPSH and glucuronidation data are presented as means Ϯ SE (n ϭ 3).
in empty liposome-pretreated mice (2.3-fold) 48 h after APAP, but not in clodronate liposome-pretreated mice (Fig. 6A) . Mrp2 protein was elevated by ϳ4.5-fold at 48 and 72 h in Kupffer cell-depleted mice. Elevated Mrp3 levels were observed after APAP in both groups of pretreated mice. Also, Mrp3 expression was 2.4-fold higher in clodronate liposome-treated mice than in empty liposome controls that did not receive APAP. Interestingly, Mrp4 was the most highly upregulated efflux transporter following APAP exposure in empty liposomepretreated mice (10.4-and 33.3-fold at 48 and 72 h, respectively), and this upregulation was completely prevented by elimination of Kupffer cells (Fig. 6A) . In addition to these changes, P-gp protein expression was elevated twofold at 72 h in clodronate liposome-pretreated mice. Representative 48-h Western blots are shown in Fig. 6B .
Immunohistochemical localization of Mrp4. Mrp4 protein expression was further investigated immunochemically due to its differential regulation in the livers of Kupffer cell-depleted and nondepleted mice. Mrp4 protein expression is extremely low in normal mouse liver, as is seen by the minimal staining in control livers in Fig. 7, A and B . No change in Mrp4 staining was seen at 24 h after APAP in either treatment group (Fig. 7, C and D) . By contrast, strong Mrp4 staining can be observed in centrilobular hepatocytes colocalized with damage 48 h after APAP treatment in livers with normal Kupffer cell function (Fig. 7E) . Mrp4 staining intensity is even greater at 72 h in the same treatment group (Fig. 7G) . By contrast, Kupffer cell-depleted livers exhibited minimal Mrp4 staining at all time points after APAP treatment (Fig. 7, D, F, and H) . No reactivity was detected with isotope control antibody (data not shown).
Plasma cytokine and chemokine levels after APAP treatment in Kupffer-cell depleted mice. Alterations in liver cytokine and chemokine production with Kupffer cell depletion may contribute to the differential regulation of Mrp4 and susceptibility to APAP toxicity. Therefore, plasma levels of several cytokines and chemokines were measured via multiplex cytokine assays. APAP treatment increased plasma levels of TNF-␣, IL-1␤, IL-6, and KC (Fig. 8) . Trends toward elevated IL-10 Fig. 5 . Western blot analysis of hepatic uptake transport proteins. Western blots were performed by using liver membrane fractions from liposome-pretreated mice at 6, 24, 48, and 72 h after APAP (500 mg/kg) or vehicle treatment (control). The data are presented as mean relative Oatp1a1, Oatp1a4, Oatp1b2, or Ntcp protein expression Ϯ SE (n ϭ 4 -9) (A) and as representative blots at 48 h, with each lane representing an individual mouse (B). *Statistical difference (P Ͻ 0.05) from pooled control (0 h) mice of the same liposome treatment; †statistical difference (P Ͻ 0.05) from empty liposome APAP-treated mice; ‡statistical difference (P Ͻ 0.05) from empty liposome control mice.
and IFN-␥ were also observed. Elimination of Kupffer cells prevented the increase in plasma TNF-␣ and IL-1␤, whereas IL-6 levels were similarly elevated in both groups of APAPtreated mice at 6 and 24 h. MCP-1 plasma levels were highly increased in Kupffer cell-depleted mice at 48 and 72 h after APAP. No change in IL-13 or GM-CSF was detected, and IL-4 was not detected in any of the treatment groups.
DISCUSSION
In the present study, the role of Kupffer cell function in altering expression of hepatic transport proteins during druginduced liver injury was examined. We have previously documented the induction of Mrp2, 3, and 4 efflux transporters in mouse liver after toxic APAP treatment. These transporters are responsible for the export of a wide variety of endo-and xenobiotics across the canalicular (Mrp2) and basolateral (Mrp3, 4) membranes of hepatocytes (1, 2) . The heightened susceptibility of Kupffer cell-depleted mice to APAP hepatotoxicity confirms previous findings by Ju et al. (25) . Administration of clodronate liposomes to achieve selective in vivo depletion of Kupffer cells was similarly used here to investigate the impact of Kupffer cells on the expression of hepatic transporters during APAP-induced liver injury. As demonstrated before, treatment of mice with clodronate liposomes was effective in eliminating F4/80-positive cells from all regions of the liver lobule (25, 45) .
The cascade of events that occurs during APAP hepatotoxicity involves interaction and communication among the different cell types within the liver. These interactions may influence the balance between hepatocyte death or recovery. As seen in this study and in previous work, the presence of Kupffer cells is critical for tipping this balance in the direction of recovery and repair (25) . In the past, Kupffer cell function and activation has been reported to exacerbate APAP-induced liver injury. This comes from studies in rodents receiving gadolinium chloride prior to APAP. Although gadolinium Fig. 6 . Western blot analysis of hepatic efflux transport proteins. Western blots were performed by using liver membrane fractions from liposome-pretreated mice at 6, 24, 48, and 72 h after APAP (500 mg/kg) or vehicle treatment (control). The data are presented as mean relative Mrp1, Mrp2, Mrp3, Mrp4, or P-gp protein expression Ϯ SE (n ϭ 4 -9) (A) and as representative blots at 48 h with each lane representing an individual mouse (B). *Statistical difference (P Ͻ 0.05) from pooled control (0 h) mice of the same liposome treatment; †statistical difference (P Ͻ 0.05) from empty liposome APAP-treated mice; ‡statistical difference (P Ͻ 0.05) from empty liposome control mice.
chloride also depletes Kupffer cells, it only targets a subpopulation of cells and its mechanism of inactivation is different from that of clodronate liposomes (18, 25, 27, 29, 35) . In this study, the altered susceptibility of Kupffer cell-depleted mice to APAP toxicity was not due to compensatory changes in metabolic pathways involved in APAP bioactivation or detoxification. The higher toxicity in Kupffer cell-depleted mice is not due to altered transport of APAP or its conjugates either, since the majority of the administered dose of APAP is eliminated within the first 24 h. This is well before any noticeable changes in transport protein expression occur. The protective role of Kupffer cells may be attributed to mediators released by these resident liver macrophages. As discussed earlier, TNF-␣, IL-1␤, IL-6, IL-10, IL-13, and COX-2-derived mediators have been implicated as hepatoprotective mediators during liver injury. These mediators exert their protective effects in part through participating in the compensatory hepatocellular proliferation that occurs following liver injury, induction of cytoprotective heat shock proteins, and induction of antioxidant defenses and through downregulation of excessive proinflammatory mediator production (9 -11, 23, 33) .
In addition to playing a prominent role in influencing the susceptibility of the liver to toxicant-induced injury, Kupffer cell products have also been implicated in the regulation of hepatic transporter expression in other forms of liver disease. Most previous work investigating the role of cytokines in regulating transporter expression was focused on liver conditions such as cholestasis and ischemia-reperfusion, with minimal emphasis on chemical-induced liver injury (6, 19, 43) . In this study, Kupffer cell depletion prevented the induction of Mrp4 protein expression in mice following toxic APAP exposure. Mrp4 is the most significantly upregulated efflux transporter in mouse liver after APAP exposure and is also increased in human livers following APAP overdose (1, 5) . Mrp4 is responsible for the basolateral export of bile acids and their conjugates, cyclic nucleotides (cAMP and cGMP), prostaglandins (PGE 1 and PGE 2 ), and glutathione (4, 34, 36, 38, 39, 50) . The altered expression of Oatp1a1 and Mrp3 by Kupffer cell depletion in the absence of APAP treatment suggests that these macrophages also play a role in the basal regulation of these transporters. Endogenous substrates of Oatp1a1 include bile acid and steroid conjugates, and Mrp3 transports bile acids and glucuronide conjugates, among other substrates (7, 8, 14, 51) . For several of the uptake and efflux transporters, the changes in protein expression by APAP treatment were more pronounced in Kupffer cell-depleted mice compared with mice with normal Kupffer cell function (e.g., Oatp1b2, Ntcp, Mrp2). This could be attributed to greater liver injury in these mice. Our previous studies have revealed a direct relationship between the extent of hepatic damage and the degree of change in transporter expression (2) .
The concurrent upregulation of efflux transporters and decrease in uptake transporter expression may aid in reducing the accumulation of toxic chemicals and by-products of cellular injury within hepatocytes. Alternatively, these changes may accelerate the export of substrates that function as signaling molecules, aiding in the recovery process by promoting tissue repair and regeneration. Because of these potential implications, the lack of Mrp4 induction in Kupffer cell-depleted mice may be a contributing factor to their delayed recovery from liver injury. The regulation of transporters, particularly Mrp4, may represent a novel mechanism by which inflammatory mediators exert their protective effects. We hypothesize that following APAP-induced hepatocellular damage the ensuing release of mediators from Kupffer cells activates signaling pathways to increase Mrp4 expression, resulting in enhanced export of substrates through Mrp4 that may play key roles in the recovery process.
The use of clodronate encapsulated in liposomes for in vivo depletion of Kupffer cells allowed us to examine the global role of these macrophages in transporter protein regulation during drug-induced liver injury. To gain a better understanding of which inflammatory mediators may be participating in Kupffer cell-dependent regulation of transporters following APAP treatment, we measured plasma levels of IL-1␤, IL-4, IL-6, IL-10, IL-13, GM-CSF, IFN-␥, KC, MCP-1, and TNF-␣. These particular cytokines and chemokines were examined because of their well-documented role in regulating expression of transporters in other disease states and/or their role in APAP hepatotoxicity (6, 9, 19, 40, 48) . Elevated plasma levels of TNF-␣ and IL-1␤ in the empty liposome-pretreated mice, but not the clodronate liposome mice, suggest that these two cytokines may contribute not only to protection from APAP toxicity but also to Mrp4 induction. Additional studies are warranted to further evaluate the involvement of TNF-␣ and/or IL-1␤ in regulating Mrp4 expression during APAP-induced liver injury. IL-6, a cytokine that also been shown to regulate hepatic transporters (40) , was elevated in the plasma of both empty and clodronate liposome-pretreated mice. This observation suggests that IL-6 may play a role regulating transporters that were either decreased (Ntcp) or increased (Mrp3) in both groups of liposome-pretreated mice. Analysis of the neutrophil chemoattractant KC revealed increased levels in both empty and clodronate liposome-pretreated mice at 24 h, which remained elevated in the Kupffer cell-depleted mice at 48 h after APAP treatment. This prolonged elevation of plasma KC levels in these mice may be a compensatory response to recruit more leukocytes into the liver for tissue repair. Alternatively, increased recruitment of neutrophils may lead to enhanced liver injury and delayed recovery, since in vivo neutrophil depletion with monoclonal antibodies has been shown to protect from APAP-induced liver injury (22, 31) . The levels of MCP-1, a potent macrophage chemoattractant, were highly elevated only in plasma of Kupffer cell-depleted mice. The C-C chemokine receptor CCR2 is the primary receptor for MCP-1. It has been previously shown that both CCR2 and MCP-1 play a hepatoprotective role during APAP toxicity (13, 21) . Elevated levels of MCP-1 in Kupffer cell-depleted mice may lead to increased recruitment of monocytes to repopulate the liver and to aid in the resolution of tissue injury in these mice.
Kupffer cells provide important regulatory functions within the liver, including development of tolerance to orally ingested antigens and containment of systemic immune responses (26) . The data presented here provide strong evidence for an additional regulatory role of Kupffer cells in the altered expression of the basolateral efflux transporter Mrp4 during drug-induced liver injury. Alterations in Mrp4 may promote paracrine signaling to adjacent hepatocytes and other nonparenchymal cells to facilitate the coordinated response of several cell types that is critical during the recovery process from drug-induced hepatotoxicity. Additional studies focused specifically on TNF-␣ and IL-1␤ through the use of knockout mice or pharmacological blockade are needed to aid in determining the exact role of these Kupffer cell products in regulating Mrp4 expression during APAP-induced liver injury. Equally important will be to study the susceptibility of Mrp4 knockout mice to APAP hepatotoxicity.
